The aim of this study is the preparation and characterization of new catalytic materials to be used in oxidation reactions through the recovery of heavy metals in wastewater. The recovery of Cr(III) and Cr(VI) from aqueous solutions by an Arthrobacter viscosus biofilm supported on NaY zeolite was investigated. Experiments were repeated without the bacteria for comparison purposes. The batch method has been employed, using solutions with chromium concentrations of 10 mg L
Introduction
Heavy metals released into the environment have been increasing continuously as a result of industrial activities and technological development, posing a significant threat to environment and public health because of their toxicity, accumulation in the food chain and persistence in nature [1] .
Among the different heavy metals, chromium is one of the most toxic and is introduced into the environment through a variety of industrial activities. The major sources of contamination are electroplating, metal finishing industries and tanneries [2] . Chromium exists in oxidation states from +2 to +6, but only two states, +3 and +6, are of environmental significance [3] . These two oxidation states have widely contrasting toxicity and transport characteristics: hexavalent chromium is more toxic, with high water solubility and mobility, while trivalent chromium is less soluble in water, less mobile and less harmful [4] [5] [6] [7] . The Cr(VI) species may be in the form of dichromate ðCr 2 O 4 Þ in a solution of different pH values. Due to the repulsive electrostatic interactions, these Cr(VI) anion species are generally poorly adsorbed by the negatively charged soil particles and, hence, they can move freely in the aqueous environments. The Cr(III) species in aqueous solutions, however, may take the form of trivalent chromium CrðH 2 OÞ 3þ 6 and chromium hydroxide complexes CrðOHÞðH 2 OÞ 2þ 5 or CrðOHÞ 2 ðH 2 OÞ þ 4 , depending on the solution pH values. As these species normally carry positive electric charges, they can be easily adsorbed on the negatively charged soil particles and thus are less mobile than the Cr(VI) species in the environment [8] .
Numerous processes exist for removing heavy metal ions from liquid solutions including chemical precipitation, chemical oxidation or reduction, ion exchange, membrane filtration and carbon adsorption [9] . However, these processes have significant disadvantages such as incomplete metal removal, high reagent or energy requirements, generation of toxic sludge or other waste products and are generally very expensive when the contaminant concentration is in the range (10-100) mg L À1 [10] . Cost effective alternative technologies or sorbents for treatment of metals contaminated waste streams are needed. A new system for chromium removal combines biosorption by a bacterium with the ion exchange capacity of a zeolite.
In recent years, the biosorption process has been studied extensively using microbial biomass as biosorbent for heavy metal removal. The major advantage of biosorption is evident particularly in the treatment of large volumes of effluents with low concentration of pollutants [1] . It is a promising process with a potential for industrial use and this is due to the ability of microorganisms to sorb metal ions, their suitability for natural environments and low cost. Generally, biosorption processes can reduce capital costs by 20%, operational costs by 36% and total treatment costs by 28%, compared with conventional systems [11] . Biosorption is generally defined as the accumulation of metals by biological materials without active uptake and can be considered as a collective term for a number of passive accumulation processes which may include ion exchange, coordination, complexation, chelation, adsorption and microprecipitation [12] . On the other hand, metal uptake can also involve active metabolic passage across the cell membrane into the cell. This is referred to as active uptake. The combination of active and passive modes is called bioaccumulation. Metal uptake by dead cells takes place only by the passive mode. Living cells employ both active and passive modes for heavy metal uptake [7] .
The use of bacteria for biosorption is a fast growing field in metal remediation because of their ubiquity, ability to grow under controlled conditions and small size [7] . The bacterium used in this work, Arthrobacter viscosus, is a good exopolysaccharide producer, which by itself allows foreseeing good qualities for support adhesion and for metal ions entrapment [13] .
Various treatment processes are available for heavy metals removal, among which ion exchange is considered to be cost effective if low cost ion exchangers such as zeolites are used [14] . Zeolites are hydrated aluminosilicate materials having connected cage-like or channel structures with internal and external surface areas of up to 900 m 2 g
À1
. The structures of zeolites consist of three-dimensional frameworks of SiO 4 and AlO 4 tetrahedra. The aluminium ion is small enough to occupy the position in the center of the tetrahedron of four oxygen atoms and the isomorphous replacement of Si 4+ by Al 3+ produces a negative charge in the lattice. The net negative charge is balanced by the exchangeable cation (sodium, potassium or calcium). The fact that zeolite exchangeable ions are relatively innocuous makes them particularly suitable for removing undesirable heavy metal ions from industrial liquid effluents [15] . Due to their negative charge, zeolites have a strong affinity for transition metal cations, but only little affinity for anions and non-polar organic molecules [16] . This may be changed by surface pre-treatment or surface coverage by a specific biofilm [17] . Santiago et al. [18] reported unaltered zeolite to be ineffective for Cr(VI) removal and investigated the use of zeolites tailored with the organic cations ethylhexadecyldimethylammonium (EHDDMA) and cetylpyridinium (CETYL). Tailoring of the zeolite results in a positively charged species, allowing the anion exchange in which CrO 2À 4 attaches to the tailored zeolite. Adsorption capacities of approximately 0:65 mg g À1 zeolite and 0:42 mg g À1 zeolite were achieved respectively with CETYL with EHDDMA. Alternatively, recent studies have shown that certain species of bacteria are capable of transforming hexavalent chromium, Cr(VI), into the much less toxic and less mobile trivalent form, Cr(III) [19] [20] [21] [22] 4] . Bacteria may protect themselves from toxic substances in the environment by transforming toxic compounds through oxidation, reduction or methylation into more volatile, less toxic or readily precipitating forms. In the present work, A. viscosus bacterium supported on the zeolite performs the reduction of Cr(VI) to Cr(III), and then the Cr(III) is retained in the zeolite by ion exchange. In this way, the bacteria allow metal loading of the zeolite, as sterical limitations and charge repulsions would not permit the zeolite loading with the anionic species, Cr 2 O 2À 7 [23] . The aim of the present work was to investigate the recovery of metallic ions from aqueous solutions of Cr(VI) and Cr(III) by an A. viscosus biofilm supported on NaY zeolite. For performance comparison, the same study was carried out without the bacterium biofilm. After the biosorption process, the modified zeolites can be used as competitive and selective catalysts to be applied in catalytic oxidations of volatile organic compounds, as reported in previous work [23] .
Experimental

Materials and reagents
Arthrobacter viscosus was obtained from the Spanish Type Culture Collection of the University of Valencia. Aqueous chromium trichloride solutions and aqueous potassium dichromate solutions were prepared by diluting CrCl 3 Á6H 2 O (Merck) and K 2 Cr 2 O 7 (Panreac) in distilled water. The faujasite zeolite NaY (Si/Al = 2.83) with specific surface area of 900 m 2 g À1 , was obtained from Zeolyst. It was calcined at 500°C during 8 h under a dry air stream prior to use.
All glassware used for experimental purposes was washed in 10% nitric acid to remove any possible interference by other metals. Atomic absorption spectrometric standards were prepared from 1000 mg L À1 solution.
Methods
Preparation of the biofilm supported on zeolites
of malt extract and 3 g L À1 of yeast extract was used for the microorganism growth. The medium was sterilized at 121°C for 20 min, cooled to room temperature, inoculated with bacteria and kept at 28°C for 24 h with moderate stirring in an incubator. Then, batch experiments were conducted using 1 g of the NaY zeolite with 15 mL of A. viscosus culture media and 150 mL of the different potassium dichromate solutions and chromium chloride solutions (10, 25, 50 and 100) mg L À1 in 250 mL Erlenmeyer flasks. Experiments were repeated without the bacterium for comparison purposes. All experimental work was conducted in duplicate. The Erlenmeyer flasks were kept at 28°C, with moderate stirring for about 10 days. Samples of 1 mL were taken, centrifuged and analyzed for metals using atomic absorption spectrophotometry. After the experimental studies, the solid samples were centrifuged and dried at 60°C for 3 days. They have been identified by designation Cr(m) n -Y or * Cr(m) n -Y, where symbol * represents the zeolite samples without the bacterium biofilm, m the oxidation state of chromium and n the initial concentration of chromium in the solution. For some characterization analyses the samples were calcined using the same procedure described above.
Characterization procedures
Total metal ions concentrations during the experiments were measured using a Varian Spectra AA-400, an Atomic Absorption Spectrophotometer (AAS) operated in flame mode, with direct aspiration. Room temperature FTIR spectra of zeolite samples were obtained from powdered samples on KBr pellets, using a Bomem MB104 spectrometer in the 4000-500 cm À1 range by averaging 20 scans at a maximum resolution of 10 cm
À1
. Powder X-ray diffraction patterns (XRD) were recorded using a Philips Analytical X-ray model PW1710 BASED diffractometer system. Scans were taken at room temperature, using CuKa radiation in a 2h range between 5°and 70°. The morphology and particle size of zeolite samples were evaluated by Scanning Electron Microscopy (SEM), using a Leica Cambridge S360. Solid samples were coated with Au in vacuum to avoid surface charging using a Fisons Instruments SC502 sputter coater. The samples with bacteria were previously dehydrated with ethanol. Elemental chemical analyses (Si, Al, Na and Cr) were performed by Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES) using a Philips ICP PU 7000 Spectrometer on samples. X-ray photoelectron spectroscopy analyses were obtained in a VG Scientific ESCALAB 250iXL spectrometer using a monochromatic AlKa radiation at 1486.92 eV. In order to correct possible deviations caused by electric change of the samples, the C 1 s line at 285.0 eV was taken as internal standard [24, 25] .
Results and discussion
Uptake studies
The removal of Cr(III) and Cr(VI) by NaY zeolite with and without the bacterium biofilm showed similar profiles for all range of initial concentrations. As an example, in Fig. 1 are shown the removal ratios of the metallic ions for initial concentrations of 10 mg L À1 and 50 mg L
À1
. The removal of chromium by the conjugated system (biofilm/ zeolite) presented a typical and well known biosorption kinetics [13] , which includes two phases: the first one, very fast and not observable in Fig. 1 , but determined by mass balance, is associated with the external cell surface, biosorption itself, and the second one is an intra-cellular accumulation/reaction, depending on the cellular metabolism [26] . The results showed that Cr(III) was completely removed by both systems, due to the affinity between the positive charge of the metal and the negative charge of the bacteria and to the easiness of entrapment in the framework zeolite by ion exchange. Contrarily, the zeolite was not able to remove Cr(VI) which is related with its anionic form. The peculiar adsorptive properties of zeolites are due to the negative charge of the framework Al atoms, which are located inside the threedimensional pore structure of the solid. However, in the presence of the bacterium biofilm, the removal efficiency was flagrantly improved by 19% for initial concentration of 10 mg L À1 and by 35% for initial concentration of 50 mg L
, as shown in Fig. 1 . The role of the biofilm is the reduction of Cr(VI) to a smaller cation, Cr(III), being this ion easily exchanged in the internal surface of the zeolite. The reduction can only occur on the outer surface of the zeolite as Cr 2 O 2À 7 is not able to get inner the zeolite framework [23] . The lower removal ratios of Cr(VI) compared to Cr(III) seem to be connected with the lack of affinity between the global charge of the bacteria and the metallic ion, the charge repulsions with the zeolite as well as with the sterical effects due to a higher ionic radius. As it is well known, Y zeolite structure presents a large central cavity or supercage with a diameter of 12. , most of this area is internal with an internal void volume above 0.1 cm 3 g À1 [27] . Fig. 2 shows the dependence of the total uptake of Cr(VI) and Cr(III) as a function of the initial concentration in the solution.
For both metallic ions there is an increase of uptake with the increasing of the initial concentration. For this concentration range and experimental conditions the effect of the increasing driving force due to higher concentrations was probably predominant over the saturation of the matrix surface. Thus, the best uptake was achieved for initial concentration of 100 mg L À1 : 14 mg g À1 zeolite for Cr(III) by both systems and 3 mg g À1 zeolite for Cr(VI) by zeolite covered with the bacterium biofilm.
Materials characterization
The solid samples obtained after the experiments were characterized by surface analysis (XRD, XPS), chemical analyses (ICP-AES), spectroscopic method (FTIR) and microscopic analysis (SEM).
The XRD patterns of the NaY zeolite and the modified zeolite samples with chromium are very similar and the sample Cr(VI) 50 -Y has been chosen as an example. In Fig. 3 is described the diffractograms of NaY (A) and Cr(VI) 50 -Y (B). The similarity between the diffractograms of the modified zeolite samples after chromium biosorption and the original one reveals that this process does not promote any structural modification in the NaY zeolite. The diffractograms also show no peaks due to chromium, probably because of its very low percent loading. [28] . The results show that the zeolites loaded with chromium maintained about 70% of crystallinity as compared to the respective standard NaY zeolite (Table 1) .
Crystal sizes were estimated from the most intense reflection peak [5 5 5] by XRD line broadening using the Scherrer equation (Eq. (1)), where D is the crystal size, K is a constant (0.9), k the X-ray wavelength, B the peak with at a half-height and 2h the position of the [h k l] reflection.
The [5 5 5] reflection for zeolite samples was fitted by a Gaussian profile to determine the peak widths at half-height. The crystal sizes of the standard NaY and those of modified zeolite samples are similar (Table 1) , ranging between 8 nm and 10 nm, which is a further evidence of the maintenance of zeolite structure. Thus, the uptake process described in this work did not modify significantly the zeolite structure.
As indicated in addition in Table 1 , the results of Cr elemental analysis show that the biosorption process allowed the retention of chromium in the NaY zeolite. The molar Si/Al ratio for all samples did not change substantially after the biosorption process which indicates that no dealumination occurred during this treatment. The expected higher amount of Cr observed after exchange with aqueous chromium chloride solution is confirmed when compared with the uptake process. In this case, chromium is in the Cr(III) form, a smaller cation and this ion is easily exchanged within the zeolite. The morphology of the starting NaY and of the zeolite samples after the uptake process was evaluated by SEM. Fig. 4 shows SEM photographs of NaY, * Cr(VI) 100 -Y, Cr(VI) 10 -Y and * Cr(VI) 10 -Y. The bacterium biofilm on the zeolite surface with a considerable production of exopolysaccharide that provides a good adhesion to the support may be seen in Fig. 4c . The average dimension of the bacteria was in the range between 1 lm and 1.5 lm, while the particle size of all zeolite samples was about of 0.5-1 lm. The comparison of the photographs of NaY and modified zeolite samples indicates that the particle size and morphology remained unchanged after the fixation of chromium ions.
Furthermore, structural information of zeolite samples was obtained by FTIR spectroscopy. It was found that the FTIR spectra of NaY and Cr(m) n -Y/ * Cr(m) n -Y samples were very similar and the samples Cr(VI) 50 -Y/ * Cr(VI) 50 -Y have been chosen as an example. The FTIR spectra in the range (4000-500) cm À1 are presented in The spectra of NaY zeolite and modified zeolite samples are dominated by strong zeolite bands: the broad band at (3700-3300) cm À1 is attributed to surface hydroxyl groups and bands corresponding to the lattice vibrations are observed in the spectral region between 1300 cm À1 and 450 cm À1 [29] . No shift or broadening of the NaY zeolite vibrations are observed upon inclusion of chromium by the biosorption process, which provides further evidence that the framework zeolite remains unchanged.
The infrared spectrum of the A. viscosus bacterium (Fig. 5 -spectrum d) is typical from bacterial extracellular polymeric substances with a complex mixture of macromolecular polyelectrolytes including polysaccharides, proteins, nucleic acids [30] and lipids or humic substances [31] . The FTIR spectrum shows one broad band in 3300 cm À1 due to the vibrations of hydroxyl and amide (N-H stretching) groups; the small bands in the range between 2970 cm À1 and 2800 cm À1 are attributed to C-H stretching of the groups CH 2 and CH 3 ; the characteristic region of the bands between 1650 cm À1 and 1400 cm À1 are attributed to the vibrations of the functional groups such as carboxyl, phosphoric, amine and the bands in the frequency range 1250-900 cm À1 result from vibrations of the polysaccharides from the bacterium [30] [31] [32] . In the Cr(VI) 50 -Y spectrum (Fig. 5 -spectrum b) , the presence of the organic material can be only detected by a band at 1400 cm À1 and a weak band at 2925 cm À1 ,where the zeolite does not absorb.
The XPS technique, which allows an analysis of the inner structure and cavity contents up to a depth of about 50 Å [29] can provide information about the presence of chromium through the surface layer of NaY as well as about the oxidation state of the metal. All samples revealed the presence of sodium, silicon and aluminium in their XPS resolution spectra. The presence of chromium was detected in the modified zeolite spectra. It was also detected carbon and nitrogen from the organic matter in the samples with A. viscosus before calcination. Table 2 presents the XPS analysis based on C 1s, N 1s, Na 1s, Al 2p, Si 2p and Cr 2p peak intensities for NaY, * Cr(III) 50 -Y, Cr(III) 50 -Y and Cr(VI) 50 -Y samples, before and after calcination. The results reveal that there is a strong reduction of chromium concentration on the zeolite surface after the calcination. This decrease is due to the migration of metallic ions into the zeolite matrix during the calcination process [33, 34] . This is an important step to future use of these modified zeolites as competitive and selective catalysts to be applied in catalytic oxidations of organic compounds, as reported in previous work [23, 34] . The Si/Al ratios of the external surface measured by XPS show that the NaY surface is rich in silicon groups. The difference between the Si/Al ratios determined at surface by XPS (Table 2 ) and those determined in bulk by chemical analysis (Table 1) indicates an uneven distribution of silicon and aluminium throughout the zeolite structure.
For Cr(III) 50 -Y sample, the amount of Cr from XPS is very similar to the bulk chromium content (Tables 1 and 2 ). Chromium is homogeneously distributed throughout the NaY structure. However, in absence of the bacteria, * Cr(III) 50 -Y, the amount of chromium after calcination is lower than total Cr determined by chemical analyses. The calcination provokes the migration of Cr into the NaY structure. XPS analysis detects a higher amount of Cr in surface before calcination and after calcination the Cr diffuses into the structure.
The binding energies of the peaks in the Cr 2p region of the modified zeolites were obtained for Cr(VI) 50 [36] . Before calcination, the Cr 2p spectrum of the Cr(VI) 50 -Y sample shows a peak for the Cr 2p 3 region at the binding energy of 576.6 eV. This value confirms that the metal is in oxidation state three [35] , in agreement with the previous assumptions. Thus, Cr(VI) was effectively reduced to Cr(III) by the bacterium biofilm before the entrapment in the zeolite. After calcination treatment, the chromium was not detected in this sample (Table 2) . Before calcination, for Cr(III) 50 -Y and * Cr(III) 50 -Y samples peaks at the binding energies of 575.71 eV and 575.85 eV are observed, which indicates that the metal is in oxidation state three [36] as in the starting solution. After calcination, these samples show the peaks at the binding energies of 577.14 eV and 577.13 eV. The increase in value of the binding energy of the Cr +3 species suggests stronger interactions with the zeolite framework due to the calcination treatment.
Conclusion
A biofilm of A. viscosus supported on NaY zeolite is able to recover Cr(VI) and Cr(III) from dilute solutions. Cr(III) was easily removed from solution due to its positive charge which allows the entrapment in the framework zeolite by ion exchange. Contrarily, due to its anionic form Cr(VI) was only removed in the presence of the biofilm that performs its reduction to Cr(III), followed by ion exchange in the zeolite. By combining data from the different techniques used it is possible to confirm that the biosorption process does not cause damage on the morphology and structure of the NaY zeolite, which has especially importance in further utilization of these materials as catalysts for VOC's oxidation. 
